The testa of higher plant seeds protects the embryo against adverse environmental conditions. Its role is assumed mainly by controlling germination through dormancy imposition and by limiting the detrimental activity of physical and biological agents during seed storage. To analyze the function of the testa in the model plant Arabidopsis, we compared mutants affected in testa pigmentation and/or structure for dormancy, germination, and storability. The seeds of most mutants exhibited reduced dormancy. Moreover, unlike wild-type testas, mutant testas were permeable to tetrazolium salts. These altered dormancy and tetrazolium uptake properties were related to defects in the pigmentation of the endothelium and its neighboring crushed parenchymatic layers, as determined by vanillin staining and microscopic observations. Structural aberrations such as missing layers or a modified epidermal layer in specific mutants also affected dormancy levels and permeability to tetrazolium. Both structural and pigmentation mutants deteriorated faster than the wild types during natural aging at room temperature, with structural mutants being the most strongly affected.
The testa of higher plant seeds protects the embryo against adverse environmental conditions. Its role is assumed mainly by controlling germination through dormancy imposition and by limiting the detrimental activity of physical and biological agents during seed storage. To analyze the function of the testa in the model plant Arabidopsis, we compared mutants affected in testa pigmentation and/or structure for dormancy, germination, and storability. The seeds of most mutants exhibited reduced dormancy. Moreover, unlike wild-type testas, mutant testas were permeable to tetrazolium salts. These altered dormancy and tetrazolium uptake properties were related to defects in the pigmentation of the endothelium and its neighboring crushed parenchymatic layers, as determined by vanillin staining and microscopic observations. Structural aberrations such as missing layers or a modified epidermal layer in specific mutants also affected dormancy levels and permeability to tetrazolium. Both structural and pigmentation mutants deteriorated faster than the wild types during natural aging at room temperature, with structural mutants being the most strongly affected.
Arabidopsis seeds develop after fertilization within anatropous bitegmic ovules. At maturity, seeds consist of a whitish embryo surrounded by a hyaline layer of remaining central endosperm and a single layer of peripheral endosperm cells (aleurone layer) containing storage reserves and associated with the brown seed coat or testa (Mü ller, 1963; Vaughan and Whitehouse, 1971; Mansfield and Briarty, 1994; Schneitz et al., 1995) . The seed coat derives from ovular tissue and is therefore of maternal origin. The aleurone layer of mature seeds is physiologically active, in contrast to the testa layers, whose cells died during late seed maturation after having encountered considerable developmental changes.
Mature Arabidopsis seeds exhibit primary dormancy when freshly released from the mother plant, which means that seeds are unable to germinate under the appropriate environmental conditions without the help of dormancybreaking agents such as stratification, after-ripening, or gibberellins (Koornneef and Karssen, 1994) . Germination begins with the uptake of water by the dry seed and ends with the elongation of the embryonic axis. The visible consequence of germination is the protrusion of the radicle tip through the seed envelopes. Seed dormancy can be imposed by the embryo, the envelopes (seed coat, endosperm, etc.), or a combination of both factors to an extent that depends on the plant species (Bewley, 1997) .
In Arabidopsis, the mutant approach has been very successful in unraveling the role of embryonic abscisic acid and gibberellins in the induction and breaking of dormancy, respectively (Koornneef and Karssen, 1994) . Moreover, this approach has indicated that the testa may also interfere with dormancy (Léon-Kloosterziel et al., 1994) . However, the nature of the embryo/testa interactions that determine dormancy is still unclear. Moreover, due to the absence of mutants affecting the aleurone layer, the participation of the latter tissue in the control of germination remains to be proven in Arabidopsis.
The seed coat is a multifunctional organ that plays an important role in embryo nutrition during seed development and in protection against detrimental agents from the environment afterward (Mohamed-Yasseen et al., 1994; Weber et al., 1996) . Seed coat-imposed dormancy in particular is part of the seed survival strategy of many species (Werker, 1981; Kelly et al., 1992) . The seed coat exerts its germination-restrictive action most of the time by being impermeable to water and/or oxygen or by its mechanical resistance to radicle protrusion. These properties have been positively correlated with seed coat color due to phenolic compounds in diverse species.
Red seeds of charlock (Sinapis arvensis L.) exhibit a reduced dormancy compared with black seeds (Duran and Retamal, 1989) . In legumes, white seeds imbibe more rapidly than colored seeds and then germinate earlier. White seeds also suffer greater imbibition damage, as measured by higher solute leakage, which affects their vigor and viability (Wyatt, 1977; Werker et al., 1979; Powell, 1989; Kantar et al., 1996) . In wheat, the strongest dormancy is associated with a red seed coat color, whereas the lines with white seed coats are non-dormant or weakly dormant and therefore are susceptible to pre-harvest sprouting damage (Gfeller and Svejda, 1960; Mares, 1994) . Dark seeds of proso millet (Panicum miliaceum L.) have heavier seed coats, imbibe and germinate more slowly, suffer less imbi-bition damage, and therefore persist longer in soil than light-colored seeds (Khan et al., 1996a) . Weidner and Paprocka (1997) proposed that dormancy of cereal caryopses might be at least partially controlled by the high level of free phenolic acids, through their inhibitory effect on germination and cell division.
The inner and outer integuments of the Arabidopsis mature ovule are two-layered throughout the micropylechalazal extension. The two layers of the inner integument are separated by a third layer that reaches about two-thirds the distance from the chalaza toward the micropyle (Schneitz et al., 1995) . After fertilization, these five layers compose the seed integuments. They are still clearly visible in immature seeds at the globular stage of embryo development (Léon-Kloosterziel et al., 1994) , but afterward differentiate in such a way that their identification becomes problematic, which has led to some discrepancies in the literature. Vaughan and Whitehouse (1971) described the mature Arabidopsis seed coat as being composed of a mucilaginous epidermal layer, a palisade layer with thickened tangential walls, and a pigmented inner layer. However, Kuang et al. (1996) identified the apparent thickening of the palisade layer as a compressed inner integument layer. The brown pigments of wild-type (WT) Arabidopsis seeds are mainly condensed tannins of the procyanidin type and derivatives of the flavonol quercetin (Chapple et al., 1994) , which are end-products of the flavonoid biosynthetic pathway (Fig. 1) .
Arabidopsis mutants that affect the development of the seed coat without impairing the viability of the seeds are valuable in the investigation of the role of this organ in seed physiology. Seed coat mutants consist of two major groups. One group, affected in flavonoid pigmentation, is represented by the transparent testa (tt) and transparent testa glabra (ttg) mutants (Bü rger, 1971; Koornneef, 1981 Koornneef, , 1990 Koornneef et al., 1982; Shirley et al., 1995; Shirley, 1998) (Fig. 1) . The seed color of tt and ttg mutants ranges from yellow (tt1-tt5; tt8; and ttg1) to pale brown (tt6, tt7, and tt10) or grayish brown (tt9). The ttg1 mutant also lacks testa mucilage and trichomes and is characterized by an aberrant root hair outgrowth due to disturbed epidermal layer structures (Koornneef, 1981; Masucci and Schiefelbein, 1996) . A twelfth pigment locus is banyuls (ban). The corresponding mutant accumulates pink flavonoid pigments in the endothelium of immature seeds, and the resulting mature seeds are grayish-green and spotted (Albert et al., 1997; Devic et al., 1999) . Additional tt loci have been identified (Focks et al., 1999; I. Debeaujon and M. Koornneef, unpublished data) .
The second group is represented by mutants affected in testa structure. The aberrant testa shape (ats) mutant ovules lack two cell layers of the integuments and as a result produce heart-shaped mature seeds (Léon-Kloosterziel et al., 1994) . The glabra2 (gl2) mutant has brown seeds but similar defects in mucilage production, testa surface structure, and root hair formation as the ttg1 mutant (Rerie et al., 1994; Masucci and Schiefelbein, 1996) . Therefore, ttg1 combines defects of both testa mutant groups. The floral development apetala2 (ap2) mutant has heart-shaped seeds that lack mucilage (Jofuku et al., 1994) .
The aim of the present study was to analyze the consequence of mutations affecting the testa on the dormancy, germination, and longevity of Arabidopsis seeds. The availability of a large collection of mutants with related testa defects can be expected to give an indication of how these pigments and structural components of the testa affect germination behavior of seeds. In the present report we relate reduced dormancy to the increased uptake of tetrazolium salts and to a reduced thickness of the testa. These results suggest that the permeability and thickness of the testa are affected by the chemical compounds and structural elements altered in the mutants, which may lead to effects on germination.
MATERIALS AND METHODS

Plant Material
The transparent testa , and transparent testa glabra 1, ttg1-1 were isolated by Koornneef (1981 Koornneef ( , 1990 and are in the Landsberg erecta (Ler) ecotype background. The tt8-1 mutant is in the Enkheim (En) background. It was described by Bü rger (1971) and obtained from Prof. A.R. Kranz (University of Frankfurt). The tt12-1 mutant was Figure 1 . Flavonoid biosynthetic pathway in Arabidopsis (adapted from Shirley, 1998) . The scheme is simplified to show essentially the steps leading to proanthocyanidins, anthocyanins, and flavonols. Only the mutants corresponding to genes of known function are presented. The mutants in parentheses correspond to regulatory genes, the others to structural genes encoding the enzymes chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid 3-hydroxylase (F3H), flavonoid 3Ј-hydroxylase (F3ЈH), dihydroflavonol reductase (DFR), and a dihydroflavonol reductase-like (DFR-like), as indicated in square brackets. The dashed arrow represents several steps.
isolated from the Feldmann's T-DNA transformant collection during a screening for reduced dormancy and is in the Wassilevskija (Ws) background (Debeaujon et al., 1995) . The tt11-2 mutant was generated by ethyl methanesulfonate mutagenesis of Ler ecotype and isolated on the basis of its pale seed color (I. Debeaujon and M. Koornneef, unpublished data) . The tt13-1 mutant was obtained by gamma irradiation of Ler and came out of a reduced dormancy screen (Léon-Kloosterziel et al., 1996) . The tt14-1 (RR40) mutant, kindly provided by Rebecca Rasoli and Shauna Somerville, was obtained by ethyl methanesulfonate mutagenesis of the Columbia (Col) ecotype. The ban-2 mutant, also obtained from Prof. A.R. Kranz, is in the En background (stock center reference N334). The ats, gl2-1, and ap2-1 mutants have been described by Léon-Kloosterziel et al. (1994) , Rerie et al. (1994) , and Jofuku et al. (1994) , respectively. All mutations are recessive.
For plant culture, seeds were sown on filter paper soaked with demineralized water in 6-cm plastic Petri dishes and incubated for 5 d in a cold room (6°C) to release remaining dormancy. After an incubation in a climate-controlled room at 25°C with a 16-h photoperiod (TL57 bulbs, Philips, Eindhoven, The Netherlands) for 36 h, seeds were planted on a sandy soil in an air-conditioned greenhouse (18°C-23°C) with additional light from October to April (16-h photoperiod with 400 W bulbs, HPI-T, Philips). Seeds were harvested from dry siliques approximately 2 months after planting and stored at room temperature in cellophane bags.
Germination Assays
Seed lots to be compared were harvested on the same day from individual plants grown in identical environmental conditions. Each genotype was sown in triplicate (80-100 seeds from one individual plant per 6-cm Petri dish) on water-soaked filter paper (no. 595, Schleicher & Schuell, Dassel, Germany) and incubated in a climate-controlled room (25°C, 16-h light/day Philips TL57). Germination was scored after a 7-d imbibition, when the radicle had emerged from the testa. The average germination percentages Ϯ se of triplicates were calculated. WT and mutant seeds stored for 4 years at room temperature were used for seed longevity determination on the basis of germination and seedling abnormalities. Seedlings were judged as abnormal when presenting any malformation not present in the 1-year-old seed lots used as a control. Generally, the recorded malformation fell into one of the following categories: no cotyledons, asymmetrical cotyledons, narrow vitrified cotyledons, chlorotic or albino cotyledons, no cauline apex, no root, and short or elongated hypocotyl.
Mucilage Detection
The seeds were incubated for 15 min in an aqueous solution of 0.03% (w/v) ruthenium red at room temperature and rinsed with water before observation under a stereomicroscope (Zeiss, Jena, Germany).
Seed Measurements
The weight of 1-year-old seeds stored at room temperature and coming from a bulk harvest of six individual plants per genotype was determined on a precision balance (UM3, Mettler, Greifensee, Switzerland). The average Ϯ sd of three independent samplings of 100 seeds each are presented. Seed length and width were determined for 100 seeds from the same seed lots after scanning and processing by the ImageTool computer program (Health Science Center at San Antonio, University of Texas; ftp:// maxrad6.uthscsa.edu).
Tetrazolium Assay
Intact seeds were incubated in a 1% (w/v) aqueous solution of 2,3,5-triphenyltetrazolium chloride (Merck, Darmstadt, Germany) at 30°C in darkness for 2 d according to the procedure described by Wharton (1955) . Tetrazolium salts are metabolically reduced to highly colored endproducts called formazans by NADH-dependent reductases of the endoplasmic reticulum (Berridge et al., 1996) .
Vanillin Assay
Intact seeds were incubated as described by Aastrup et al. (1984) in a solution of 1% (w/v) vanillin and 6 n HCl at room temperature for 10 min for immature seeds and 1 h for mature seeds. Vanillin turns red upon binding to flavan-3,4-diols (leucoanthocyanidins) and flavan-4-ols (catechins), which are present either as monomers or as terminal subunits of proanthocyanidins (Deshpande et al., 1986) .
Microscopy
Mature seeds imbibed for 30 min in water were fixed during 24 h at 4°C in 5% (v/v) glutaraldehyde before embedding in Technovit 7100 historesin (Heraeus-Kulzer, Wehrheim, Germany). Sections (2 m thick) obtained on a microtome (Leica Microsystems, Wetzlar, Germany) were stained for 1 min with 1% (w/v) toluidine blue O in 0.1 m phosphate buffer at pH 7.2. Toluidine blue stains pectocellulose pink and phenolic compounds blue-green (O'Brien et al., 1964) . Observations and photographs were done on a light microscope (Optiphot, Nikon, Tokyo).
RESULTS
Description of the Seed Phenotypes
Seed colors ( Fig. 2A , column C) varied from brown in the WTs to pale yellow for tt4, with intermediate pigmentation such as pale brown, grayish-brown, or grayish-green. The pale yellow color of tt4 seeds, which are completely devoid of any flavonoids, is conferred by carotenoids localized in the aleurone layer and the embryo (data not shown). In tt10 and tt14 mutants, the seeds were pale brown at harvest but exhibited progressive browning during storage until becoming nearly identical to the WT after a few months. Several characteristics of WT and mutant seeds are presented in Table I . Most mutants exhibited a reduced seed size and weight. This was particularly evident for tt9. An exception to this observation was tt14, in which the seeds were much heavier than the corresponding Col WT, and gl2, which was similar to the Ler WT. ats and ap2 were both heart-shaped but ats had lighter seeds and ap2 heavier seeds than Ler. Mucilage release upon imbibition (Fig. 2B ) could be observed in all genotypes except in ttg1, ap2, and gl2.
Dormancy and Germination Characteristics
The degree of dormancy was assessed by determining the germination percentage of the seed lots at different times after seed harvest, which indicates the after-ripening requirement to reach 100% germination (Fig. 3) . Most of the pigmentation mutants exhibited a reduced dormancy compared with the corresponding WT. After a cold treatment, all the genotypes reached 100% germination, which means that the lack of germination observed for some of the genotypes after 27 d of storage (Fig. 3D ) was due to remaining dormancy. The present data confirm earlier observations (van der Schaar et al., 1997) that the freshly harvested seeds of commonly used WT strains Ler and Col are dormant when germination is tested in light, but that this dormancy has disappeared after approximately 1 month of after-ripening. However, compared with the Ler and Col ecotypes, the Ws and En ecotypes are substantially more dormant. The ttg1 mutant is particularly non-dormant because it germinates at nearly 100% at 2 d after harvesting of the seeds. The structural mutants ats and ap2 show a slightly reduced dormancy, and gl2 is slightly more dormant than Ler. Dormancy reduction is also expressed by higher germination rates, which are particularly visible at 9 d after harvest (Fig. 4) . Therefore, pigmentation mutants appear to be more drastically affected in their germination pattern than structural mutants, in the sense of reduced seed dormancy and a higher germination rate. They also exhibit a higher capacity to germinate in darkness (data not shown). The reduced dormancy of the testa pigmentation mutants can be related to the degree of paleness, as shown in Figure 2A (column C). However, there was considerable variation in germination behavior among seeds belonging to a similar color group.
The genetic determinism, either by maternal or zygotic tissue, of altered germination behavior can be analyzed with reciprocal crosses. As an example, the germination curves for three tt mutants are presented in Figure 5 . All members of the F 1 generation behaved as their maternal parent, which indicates that the testa defect is responsible for the higher germination rate. Cytoplasmic inheritance can be discarded, because a segregation for seed dormancy is observed among F 3 lines, which correlates strictly with the monogenic seed color or testa structural defect (data not shown).
Seed Longevity
Seed lots stored for 4 years at room temperature were compared for their ability to germinate and produce normal seedlings. Testa mutants generally showed a reduced germination capacity and a higher rate of seedling abnormalities than their WTs (Fig. 6) . The structural mutants ats and ap2 were particularly affected. The degree of seed deterioration was not strictly correlated with dormancy characteristics or with seed size and weight.
Permeability of the Seed Coat
In Arabidopsis, it is difficult to monitor water uptake because of the water-holding capacity of the mucilage layer. Therefore, we used the uptake of tetrazolium salts by the embryo to assess the permeability of the testa. The embryo and the aleurone layer stain red upon entry of the tetrazolium solution into the viable seed, but stay whitish when the dye does not penetrate. This pattern of staining is shown in Figure 2C , with tt12 as an example of a genotype taking up the dye and and Ws as one that does not. None of the genotypes with a brown seed coat (such as the WTs, tt10, and gl2) were stained with tetrazolium, leading to dark yellow seeds at the end of the assay ( Fig. 2A, column  T) . In contrast, the pigmentation mutants and those exhibiting a structural testa abnormality (such as ats and ap2) reacted positively; their seeds developed a light red to dark red color depending on the genotype. The onset of impermeability of the WT seeds to tetrazolium during the later phases of seed development was concomitant with the appearance of the brown pigments during seed desiccation (data not shown). This impermeability decreased very slowly during after-ripening at a rate much slower than overall dormancy release by after-ripening. Moreover, it was not affected by cold treatments. The occurrence of germination indicates that the permeability to tetrazolium salts cannot be used to monitor the permeability of Arabidopsis seeds to water. From this assay, we cannot conclude that the testa imposes dormancy in wild-type seeds by limiting water entry.
Detection of Proanthocyanidins in the Seed Coat
Uncolored proanthocyanidins were detected in WT immature seeds by their dark red staining with vanillin ( Fig.  2D) as early as at the 2-cell embryo stage. These polymers progressively become colored through oxidative browning (Fig. 1) , which starts around 10 d after pollination (cotyledonary stage) concomitantly with the onset of seed desiccation. The browning could be observed earlier in the case of aborted seeds upon precocious desiccation. WT seeds have a tendency to darken with time of storage. The proanthocyanidins fill completely the large vacuole of the endothelium cells. Vanillin staining did not take place in the tt4 mutant (Fig. 2D) , which confirms the specificity of the vanillin assay for flavonoids with our material. Mature seeds with tannins also stained dark red ( Fig. 2A, column  V) , and the different colors probably reveal various differences in flavonoid composition.
Structure of the Mature Seed Envelopes
Cross-sections of mature seeds were studied for all genotypes. This microscopic analysis is illustrated here by the WT Col and the tt4 and ttg1 mutants (Fig. 2E) . The WT mature seed coat appears to be composed of four cell layers (from outside to inside the seed): an epidermis and a palisade layer composing the outer integument followed by a crushed layer and an endothelium layer forming the inner integument. Considering that the immature testa is composed of five layers (Schneitz et al., 1995) , a layer must have been crushed in late seed development. The two cell layers between the endothelium and the outer integument are parenchymatic and thin-walled (Léon-Kloosterziel et al., 1994) . These layers are therefore more likely to be crushed during maturation and probably form the third "layer" of the mature testa. The phenolic impregnation of the endothelium layer and of the two neighboring parenchymatic layers was not observed in the tt4 and ttg1 mutants, which therefore had a testa thinner than the WT Ler testa. The thick aleurone layer appeared to be closely associated with the testa in the intact seed, but both tissues were nevertheless easily separable upon microscopic dissection. A thin hyaline layer that stayed unstained with toluidine blue was found to follow intimately the contours of the embryo.
The central parts of epidermal cells were shown to contain a columnar structure, or columella, in which mucilage is synthesized and stored. Upon imbibition, the top part of the columella is removed and the mucilage is excreted. In the ttg1 mutant, which is affected in the columnar structure of the epidermis, very little mucilage was present (Fig. 2B) and was distributed as a thin layer over the surface of the seed coat (Fig. 2E) . Fig. 3B ). In A, B, and C, E, Ler; F, tt1; OE, tt2; f, tt3; ࡗ, tt4; ϫ, tt5. In D, E, Ws and F, tt12. In E, E, Col and F, tt14. In F, E, En, F, tt8, and OE, ban.
DISCUSSION
The data presented here confirm that structural and/or pigmentation defects of the Arabidopsis seed integuments can affect dormancy, germination, and longevity of seeds, together with seed morphology (size and weight).
The morphological defects that we observed were a slight reduction in size and weight encountered both with most tt mutants and ats, with the exception of the tt14 seeds, which were much larger and heavier than Col seeds. The developmental basis of this size difference is unknown. The hypothesis of tetraploidy can be ruled out, because the progeny from crosses of tt14 with diploid genotypes were totally fertile (data not shown). All mutant seeds had a normal shape, except ats and ap2 seeds, which were reported previously to be heart-shaped (Jofuku et al., 1994; Léon-Kloosterziel et al., 1994) .
Most testa mutants showed reduced seed dormancy, as ascertained by a lower requirement for after-ripening and a higher germination rate. In our conditions, the ban seeds exhibited reduced dormancy together with an increased permeability to tetrazolium, which differs from the results of Albert et al. (1997) , who showed that ban is more dormant than the WT. These authors postulated that the overaccumulation of pigments in the seed coat is an obstacle to germination. Our vanillin and tetrazolium assays showed that there may not be an overaccumulation of pigments, but rather a replacement of the proanthocyanidin polymers by anthocyanins, which may lead to an increased permeability to tetrazolium. This hypothesis is supported by further analysis of the mutant (Devic et al., 1999) .
As an attempt to correlate the germination behavior of Arabidopsis WT and mutants with precise testa characteristics, we performed a histological analysis of mature testas. For WT testas four distinct layers could be distinguished after toluidine blue staining, the last two being impregnated with phenolic compounds. Our observations confirm the mature seed coat model proposed by Kuang et al. (1996) , particularly on the interpretation of the crushed parenchymatic layers. Vaughan and Whitehouse (1971) interpreted these layers as a phenolic thickening of the tangential wall of the palisade layer. However, this explanation denies the fact that the immature testa is composed of five layers. This does not rule out the possibility that the tangential walls may be impregnated, but we may not distinguish this detail due to the fact that the underlying layers are also stained. In crucifers, the presence or absence of phenolic impregnation and the thickness of the palisade layer vary according to the species and have therefore been used as a taxonomic criterion, together with the pigmentation of the endothelium (Vaughan and Whitehouse, 1971) . In this respect, Arabidopsis differs from Brassica, Raphanus, Sinapis, and Capsella species, which have a thick palisade layer generally heavily impregnated in such a way that the cells have a typical U shape.
The main defect we could detect in the testa of pigmentation mutants was a reduction or absence of phenolics in the endothelium and the crushed parenchymatic layers. The tt4 and ttg1 mutant testas appeared thinner as a consequence of a complete lack of pigments. Similarly, yellow Brassica campestris seeds were also reported to have thinner testas than their brown counterparts, but this characteristic was associated with a heavier embryo and a lower fiber content, without any increase in seed size (Stringam et al., 1974) . The reduced thickness of the testa may enable the embryo to occupy more space in the seed. The situation may be different in Arabidopsis, in which most pigmentation mutants show reduced seed weight and size. Colored seeds of snap bean were also reported to have greater seed coat dry weight and thickness than white-seeded lines (Wyatt, 1977) .
Precocious germination of a Chinese cabbage mutant (Brassica rapa subsp. pekinensis) was related to a reduction or absence of secondary cell wall deposition on the radial and basal walls of the palisade (Ren and Bewley, 1998). . Genetic determinism of the high germination rate encountered in the mutants tt2, tt4, and tt7. The time course of germination after 16 d of dry storage is presented. The parent mentioned first was used as female parent and the second as pollen parent. Seeds from a bulk of nine siliques derived from crosses were used. In A, E, Ler; ‚, Ler ϫ Ler; Ⅺ, Ler ϫ tt2; F, tt2; OE, tt2 ϫ tt2; f, tt2 ϫ Ler. In C, E, Ler; ‚, Ler ϫ Ler; Ⅺ, Ler ϫ tt4; F, tt4; OE, tt4 ϫ tt4; f, tt4 ϫ Ler. In D, E, Ler; ‚, Ler ϫ Ler; Ⅺ, Ler ϫ tt7; F, tt7; OE, tt7 ϫ tt7; f, tt7 ϫ Ler.
The structural ttg1, ap2, and gl2 mutants have a very reduced or absent mucilage due to a malformation of the epidermal cell structures (columella) producing it. The mucilage was proposed to influence moisture relations and seed dispersal during seed germination (Young and Evans, 1973) . Witztum et al. (1969) proposed that mucilage acts as an oxygen barrier during germination of Blepharis persica. If it was the case in Arabidopsis, we would expect the gl2 mutant to germinate earlier than Ler. However, this was not observed here, showing that mucilage does not have a significant restrictive effect on Arabidopsis seed germination.
The germination behavior of testa mutants is related to a better penetration of tetrazolium salts in the seed. A better permeability to either an endogenous inhibitor (e.g. abscisic acid) or to an exogenous stimulant of germination (e.g. water or oxygen) may explain the reduced dormancy exhibited by testa mutants. In legumes, water-impermeable seed dormancy was extensively studied and has been attributed to the presence of flavonoid compounds in the seed coat (Wyatt, 1977; Werker et al., 1979; Kantar et al., 1996) . It was hypothesized that during dehydration of seeds, an enzymatic oxidation of phenolic compounds in the presence of oxygen might render the seed coat impermeable to water Mayer, 1974, 1975) . In our study, because the non-dormant germinable seed lots of Arabidopsis did not stain red, it can be concluded that the tetrazolium assay is not appropriate to assess water entry.
The observation that, unlike WT testas, mutant testas were permeable to tetrazolium salts in a manner related to a reduction or absence of proanthocyanidins (condensed tannins) demonstrates that testa pigmentation and structural integrity play a major role on the imposition of impermeability to tetrazolium solution. Genetic variation for staining by tetrazolium has been described before in Brassica, where B. napus and B. napobrassica seeds appeared to be impermeable, as deduced from the pink color of the embryo. However, non-aged cabbage (Brassica oleracea L. var capitata) seeds were permeable to tetrazolium chloride. This difference was explained by the absence of a semipermeable layer in the embryo envelopes of the latter species (Beresniewicz et al., 1995) .
The important restrictive role of the seed envelopes in the germination of dormant WT seeds could be demonstrated by the germination of embryos when these envelopes were removed (data not shown). Since microscopic analysis did not detect any consistent defects at the level of the aleurone and hyaline layer (data not shown), this restriction may be imposed essentially by the testa itself, which is in agreement with the maternal inheritance of both testa defects and germination behavior. Several mechanisms may explain how the chemical and structural composition of the testa determine the germination capacity of the seeds. The oxidized flavonoid polymers may play a major role in limiting not only water entry, as seen in legumes, but also oxygen supply to the embryo, for example, as reported by Corbineau and Cô me (1993) for cereals, and by contributing to the mechanical resistance of the testa. They may also inhibit the leaching of germination inhibitors out of the seed, as proposed for charlock (Edwards, 1968 (Edwards, , 1969 . Whether one or all of these phenomena participates in the control of Arabidopsis seed germination remains to be investigated.
Seed aging defines the time-dependent deterioration of seed metabolism, leading to the loss of vigor and eventually viability (Walters, 1998) . Testa pigmentation was seen to confer a better resistance to solute leakage, to imbibition damage, and to attack by soil-born fungi, thereby improving seed vigor and germination in legumes (Powell, 1989; Kantar et al., 1996) . Oxidative stress may also be involved in the aging process. Membrane damage through lipid peroxidation and free radical accumulation were reported to play a major role in this degradation process (Khan et al., 1996b) . The antioxidant properties of phenolic compounds, particularly flavonols, are well established (Rice-Evans et al., 1997; Yamasaki, 1997) . In Arabidopsis, mutants deficient in flavonoid biosynthesis exhibit a 60% higher level of lipid peroxidation than WT plants when exposed to UVB (Landry et al., 1995) . Therefore, it is very likely that seed Figure 6 . Effect of dry storage on seed longevity. The germination of seed lots after 45 months of dry storage at room temperature was assessed. The WTs are indicated by an asterisk. The genotypes are ranked from left to right as the smallest to the highest percentage of normal seedlings (black bars). For total germination percentage, they are grouped under the motif corresponding to their ecotype background, as presented in Figure 3A .
